Bone marrow adipocyte formation plays a role in bone homeostasis and whole body energy metabolism. However, the transcriptional landscape and signaling pathways associated with adipocyte lineage commitment and maturation are not fully delineated. Thus, we performed global gene expression profiling during adipocyte differentiation of human bone marrow stromal (mesenchymal) stem cells (hMSCs) and identified 2,589 up-regulated and 2,583 down-regulated mRNA transcripts. Pathway analysis on the up-regulated gene list untraveled enrichment in multiple signaling pathways including insulin receptor signaling, focal Adhesion, metapathway biotransformation, a number of metabolic pathways e.g. selenium metabolism, Benzo(a)pyrene metabolism, fatty acid, triacylglycerol, ketone body metabolism, tryptophan metabolism, and catalytic cycle of mammalian flavin-containing monooxygenase (FMOs). On the other hand, pathway analysis on the down-regulated genes revealed significant enrichment in pathways related to cell cycle regulation. Based on these data, we assessed the effect of pharmacological inhibition of FAK signaling using PF-573228, PF-562271, and InsR/IGF-1R using NVP-AEW541 and GSK-1904529A on adipocyte differentiation. hMSCs exposed to FAK or IGF-1R/InsR inhibitors exhibited fewer adipocyte formation (27-58% inhibition, P<0005). Concordantly, the expression of adipocyte-specific genes AP2, AdipoQ, and CEBPα was significantly reduced. On the other hand, we did not detect significant effects on cell viability as a result of FAK or IGF-1R/InsR inhibition. Our data identified FAK and insulin signaling as important intracellular signaling pathways relevant to bone marrow adipogenesis.
Introduction
There is an increasing interest in studying the biology of bone marrow adipocytes (BMA) due to a shift in our understanding of their role as a passive filler of bone marrow space left behind during conditions of hematopoiesis impairment or bone loss [1] to an active tissue participating in bone and bone marrow homeostasis and whole body energy metabolism [2] . Regulation of BMA has been reported in a number of pathological conditions e.g. osteoporosis, glucorticoid therapy, and anorexia nervosa. Also, the biological role of BMA and their regulation seem to exhibit differences and similarities with extramedullary adipocytes [2] . Adipogenesis involves a cascade of cellular events that involve multiple intracellular signaling pathways that converge on key transcriptional factors regulating lineage commitment and differentiation (transcriptional networks and chromatin remodeling controlling adipogenesis) [3] . During commitment phase, multipotent MSCs become committed to adipocytic lineage, while in the maturation phase, MSCs are transformed into adipocytes, characterized by synthesizing and the transportation of lipid, secretion of adipocyte-specific proteins, and becoming insulin sensitive [4] . While most of the current knowledge of adipogenesis is based on studies performed on extramedullary adipocytes, a number of recent studies have focused on bone marrow adipogenesis [2, 5] .
In the present study, we aimed at identifying important signaling pathways that are associated with bone marrow adipogenesis based on global gene expression analysis and functional studies. We report that FAK and insulin receptor signaling pathways regulate bone marrow adipogenesis.
Materials and methods

Cell culture
A telomerized MSC line (hMSC-TERT) was used as a model for bone marrow-derived MSCs. This line was created through overexpression of the human telomerase reverse transcriptase gene (hTERT) and was found to express known markers of primary hMSCs and to differentiate into adipocytes and osteoblasts; the telomerization of hMSC was considered a useful model to obtain large number of cells for mechanistic studies of self-renewal and differentiation of stem cells [6, 7] . These cells are referred to as hMSCs throughout this manuscript. hMSCs were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin streptomycin, and 1% nonessential amino acid (NEAA). All reagents were purchased from Gibco-Invitrogen, U.S.A. Control wells were treated with dimethyl sulfoxide (DMSO, Sigma).
Adipocytic differentiation
hMSCs were seeded into four-well plates and exposed to adipogenic induction media composed of DMEM, 10% fetal bovine serum (FBS), 10% horse serum (Gibco, U.S.A.), 100 μM dexamethasone (Sigma, U.K.), 1 μM Rosiglitazone (BRL) (Novo Nordisk Bagsvaerd, Denmark), 3 μg/ml insulin (Sigma, U.K.), 450 μM isobutylmethylxanthine (IBMX) (Sigma, U.K.), and 1% penicillin-streptomycin (Sigma, U.K.) supplemented with FAK inhibitors (PF-573228 and PF-562271) or IGF-1R/InsR inhibitors (NVP-AEW541 and GSK1904529A), which were purchased from Selleckchem Inc. (Selleckchem Inc., Houston, TX, U.S.A.). Inhibitors were used at 5 μM throughout all experiments. Adipocyte induction medium (AIM) was changed every 2 days and for 7 days. Previous published work from our group indicated day 7 as a time point on which adipogenic markers were up-regulated significantly in an enriched population of 70-80% of adipogenic populations [8] .
Oil Red O staining
Adipocytic differentiation was determined by qualitative Oil Red O staining for lipid-filled adipocytes. Cells were washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 10 min, and then incubated with freshly made and filtered Oil Red O staining solution (0.05 g in 60% isopropanol; Sigma-Aldrich, U.S.A.) for 1 h at room temperature. Images were acquired using a Zeiss inverted microscope (ZEISS Inc., Germany).
Nile Red quantification
Nile Red Staining assay quantification assay was performed as we previously described [9] . It is a direct stain for the detection of intracellular lipid droplets by fluorescence microscopy, flow cytofluorometry, and plate reader. It is strongly fluorescent and does not dissolve the lipids nor interact with any tissue constitutes [10] . For Nile Red Quantification, cells were cultured in polystyrene flat-bottom 96-well tissue culture-treated black microplates (Corning Inc., Corning, NY, U.S.A.). Nile Red working solution was prepared from a stock solution of 1 mg/ml. Cells were washed with PBS (Gibco, U.K.). Dye was added directly to the cells (5 μg/ml in PBS), and incubated for 10 min at room temperature in the dark, then washed twice with PBS. Fluorescent signal was measured using a SpectraMax/M5 fluorescence spectrophotometer plate reader (Molecular Devices Co., Sunnyvale, CA, U.S.A.) using bottom well scan mode, where nine readings were taken per well, using excitation of 485 nm and emission of 572 nm. Furthermore, fluorescent images were captured using a FLoid Cell Imaging Station (Life Technologies Inc., Grand Island, CA, U.S.A.).
Total RNA isolation and real-time PCR
Total RNA was isolated from cells using a total RNA Purification kit (Norgen-Biotek Corp., Canada) according to the manufacturer's instructions. The concentration and quality of total RNA were measured using NanoDrop 2000 (Thermo Scientific, U.S.A.). Reverse transcription was performed on 500 ng of total RNA using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystem, U.S.A.). Expression levels of adipocyte-related genes [Adipocyte protein 2 (AP2), adiponectin (AdipoQ), and CCAAT-enhancer-binding protein α (CEBPα)] were quantified using Table 1 . The 2DCT value method was used to calculate relative expression, as previously described [11] .
Gene expression microarray
RNA isolation and gene expression analyses were carried out in accordance with our previously published protocol [12] . In brief, hMSCs were differentiated into adipocytes and on day 7, RNA was isolated using Total Tissue RNA Purification Kit from Norgen-Biotek Corp. (Thorold, ON, Canada) and were quantified using NanoDrop 2000 (Thermo Scientific, Wilmington, DE, U.S.A.). Total RNA was labeled and then hybridized to the Agilent Human SurePrint G3 Human GE 8 × 60 k mRNA microarray chip (Agilent Technologies). All microarray experiments were conducted at the Microarray Core Facility (Stem Cell Unit, Department of Anatomy, King Saud University College of Medicine). Data were subsequently imported into GeneSpring 13.0 (Agilent Technologies, Palo Alto, CA, U.S.A.) and were normalized using percentile Shift, whereas Benjamini-Hochberg False Discovery Rate (FDR) method was used for multiple testing corrections. Two-fold cutoff and P (corr) < 0.05 were used to determine significantly changed transcripts. Pathway analyses were conducted using the Single Experiment Pathway analysis feature in Gene Spring 13.0. Gene expression datasets were deposited to the Gene Expression Omnibus (GEO) under accession number GSE107789.
Alamar Blue cell viability assay
Cell viability was measured using alamarBlue assay according to the manufacturer's recommendations (AbD Serotec, Raleigh, NC, U.S.A.). In brief, we cultured cells in 96-well plates in 100 μl of the appropriate medium and at the indicated time point, and 10 μl of alamarBlue substrate was added and plates were incubated in the dark at 37
• C for 1 h. Reading was subsequently taken using fluorescent mode (Ex 530 nm/Em 590 nm) using BioTek Synergy II microplate reader (BioTek Inc., Winooski, VT, U.S.A.).
Statistical analysis
Statistical analysis and graphing were performed using Microsoft Excel 2010 and GraphPad Prism 6 software (GraphPad software, San Diego, CA, U.S.A.). Results were presented as mean + − SEM. Unpaired T-test was used to calculate statistical significance.
Results
Multiple intracellular signaling pathways are associated with bone marrow adipogenesis
In order to study more in the genetic program associated with bone marrow adipogenesis, we utilized a telomerized MSC line (hMSC-TERT). This model was previously shown to express markers representative of human MSCs and Oil Red O images (10×) were acquired using an inverted Zeiss microscope, while Nile Red images were captured using FLOID imager (20×).
to differentiation into adipocytes, osteoblasts, and chondrocytes [6, 7] . Global gene expression and pathway analysis were conducted on enriched culture of BMA (70-80%) using our standard adipocytic differentiation protocol [13] [14] [15] . The efficacy of adipocyte differentiation was evidenced by formation of enriched population of mature lipid-filled adipocytes as demonstrated by positive staining for Oil Red O (Figure 1a) . Global gene expression profiling revealed 2,589 up-regulated and 2,583 down-regulated mRNA transcripts during adipogenesis (Figure 1b and Supplementary Table S1 ). Validation of selected number of genes from the microarray data using qRT-PCR is shown in Figure 1c . Pathway analysis carried out on the up-regulated gene list revealed enrichment in multiple GO categories and signaling pathways (Supplementary Table S2 ) and the top ten enriched pathways included adipogenesis, Insulin Signaling, focal adhesion signaling, metapathway biotransformation, and a number of metabolic pathways: selenium metabolism, benzo(a)pyrene metabolism, fatty acid, triacylglycerol, and ketone body metabolism, tryptophan metabolism, catalytic cycle of mammalian FMOs (Figure 1d) . Similarly, we performed GO enrichment and pathway analysis on the down-regulated genes, which revealed significant enrichment, in gene categories and pathways related to cell cycle (Figure 1e and Supplementary Table S3 ).
Pharmacological inhibition of FAK or IGF-1R/InsR impairs adipocytic differentiation of hMSCs
In order to assess the role of the identified signaling pathways on regulating BM adipogenesis, we focused on focal adhesion kinase and insulin signaling pathways and we employed small molecule inhibitors in these studies. Illustration of the focal adhesion kinase pathway is shown in Figure 2a with marking of the identified regulated genes from the microarray data. hMSCs were cultured under adipocytic conditions in the absence or presence of two FAK inhibitors (PF-573228 or PF-562271 at 5 μM) for 7 days. We used two different FAK inhibitors to confirm that the observed effect is indeed due to FAK inhibition, and not due to off-target effects of the inhibitors. Data presented in Figure 2 demonstrate reduction in the number of adipocyte formed following treatment with PF-573228 or PF-562271, compared with the DMSO control (Figure 2b ) as evidenced by decreased Oil Red O staining (Figure 2b ) or adipocyte cell number determined by Nile Red staining (Figures 2c and 4a) .
We subsequently investigated the role of insulin signaling in regulating hMSC differentiation into adipocytes. Insulin signaling is illustrated in Figure 3a with marking of the genes identified regulated genes in the microarray data. As shown, significant up-regulation of insulin receptor (INSR) and the insulin-like growth factor receptor 1 (IGF1R) were observed during BM adipogenesis. Inhibition of INSR/IGF1R signaling using NVP-AEW541 or GSK1904529A at 5 μM reduced the formation of adipocytes evidenced by decreased of Oil Red O staining (Figure 3b ) and the number of adipocytes stained by Nile Red (Figures 3c and 4a) . To confirm that the reduction in adipocytic differentiation of hMSCs treated with FAK or IGF-1R/InsR inhibitors is due to inhibition of adipogenesis, the viability of hMSCs cultured under control DMSO or in the presence of PF-573228, PF-562271, NVP-AEW541, and GSK1904529A was assessed on day 7 using the alamarBlue assay. Inhibition of FAK or IGF-1R/InsR was found to exert no significant effects on hMSC viability (Figure 4b ).
Pharmacological inhibition of FAK or IGF-1R/InsR reduces the expression of key genes involved in BM adipogenesis
The expression of AP2, AdipoQ, and CEBPα which are adipocytic-specific genes in hMSCs in the absence or presence of FAK and IGF-1R/InsR inhibitors was assessed using qRT-PCR. Concordant with the Oil Red O and Nile Red results, significant reduction in adipocytic gene markers in hMSCs treated with PF-573228, PF-562271, NVP-AEW541, and GSK-1904529A inhibitors (*P<0.05, **P<0.005, ***P<0.0005) (Figure 4c ).
Discussion
Adipocyte differentiation is a highly controlled process characterized by two phases: commitment phase and differentiation phase. Commitment phase results in conversion of the stem cell to a preadipocytic cells, whereas in the differentiation phase, the preadipocyte acquires the characteristics of the mature adipocyte [4] . Limited information is available regarding molecular mechanisms and signaling pathways associated with bone marrow adipogenesis. In the present study, based on global gene expression profiling of bone marrow adipogenesis, we identified multiple activated signaling pathways during adipogenesis. FAK and insulin signaling were the most prominent and we studied their functional relevance using small molecule inhibitors.
Focal adhesion kinase (FAK) is a nonreceptor protein tyrosine kinase that is constitutively associated with the integrin receptor β-integrin and plays a role in cell adhesion, differentiation, and migration in several stem cell types [16, 17] . The binding of integrin to the extracellular components (ECM) leads to the activation of FAK, which is demonstrated by autophosphorylation at Tyr397 [18] . When FAK is activated, it binds to PI3K, which phosphorylates PIP2 producing PIP3. PIP3 functions to activate the downstream signaling component, protein kinase Akt, which subsequently activates adipogenesis [19] [20] [21] . In present study, we observed large number of ECM proteins to be up-regulated during adipogenesis. Several of those belonged to the collagen (COL11A1, COL12A1, COL15A1, COL18A1, COL19A1, COL27A1, COL3A1, COL4A1, COL4A2, COL4A3BP, COL4A4, COL4A5, COL5A1, COL5A2, COL5A3, COL6A1, COL6A2, COL6A2, COL6A3, COL6A3, COL7A1, COL8A1, and COL8A2) and laminin (LAMA2, LAMA4, LAMB1, LAMB2, LAMB2, LAMB3, and LAMC1) families. Therefore, it is plausible that during adipocytic differentiation FAK pathway is activated as a result of preferential expression of ECM proteins, which subsequently interact with ITGA and ITGB receptors. under different treatment conditions was performed. Data are presented as mean + − SEM from two independent experiments; n=12, ***P<0.0005. hMSCs were induced into adipocytes in the absence or presence of FAK or IGF-1R/InsR inhibitors as above followed by qRT-PCR analysis of AP2, AdipoQ, and CEBPα adipocytic gene markers. Gene expression was normalized against β-actin. Data are presented as mean + − SEM of fold change compared with a DMSO control; n=6 from two independent experiments; *P<0.05, **P<0.005, and ***P<0.0005.
Concordant with our findings, the loss of the insulin/IGF-1 signaling cascade leads to inhibition of adipogenesis [22, 23] . IGF-1 has been reported to regulate adipogenesis through up-regulation of adipocyte-specific transcriptional factors CEBPα [24] . A previous study has reported the regulation of adipocyte differentiation through IGF-1 receptor/Rho GTPase pathway in 3T3-L1 cells [25] . One of the downstream regulatory targets of IGF1R signaling is Rho GTPase activity known to be important for adipogenesis, with reduced Rho activity favoring adipogenesis. Rho inhibitory protein p190-B RhoGAP down-regulates Rho GTPase activity and increases IGF-1 signaling to downstream proteins involved in adipocyte differentiation. Insulin receptor substrate 1 (IRS) transmits signals from IGF-1 to the PI3K/MAPK intercellular pathways, which eventually leads to adipocyte differentiation [25] . In the present study, we observed up-regulation of both INSR and IGF1R as well as several downstream mediators of the MEK/MAPK (MAP2K6, MAP3K13, MAP3K5, MAP3K8, MAPK10, and MAPK4) pathway. Interestingly, both ITGA/ITGB and IGF1R signaling pathways converge through activation of focal adhesion kinase 1 (PTK2, Figure 2a) , thus highlighting a pivotal role for this signaling pathway during adipogenesis. The decrease in number of differentiated hMSC following FAK or IGF-1R/InsR signaling may suggest inhibition of adipocyte hyperplasia but not hypertrophy. Given the similarities and differences between BMA and extramedullary adipocytes, side-by-side comparison between those two cell types in term of signaling pathways would be the subject of an independent investigation.
Conclusions
In the present study, we highlight the involvement of two distinctive pathways known to be involved in adipogenesis differentiation, FAK and insulin signaling pathways cross-talk (Figures 2a and 3a) . Genes expressed under each pathway need further investigation as they draw a roadmap and possible targets connected specifically to FAK and Insulin signaling pathway to reverse the adipogenic differentiation and potential utilization in the treatment of adipogenesis-related metabolic disorders.
